Background 2,4-dichlorophenoxyacetic acid (2,4-DCPA acid) is a toxic herbicide. Earlier studies to remove 2,4-DCPA acid from water used expensive and/or toxic reagents, resulting in the formation of toxic organic by-products (Org-BPs). This study evaluates the removal of 2,4-DCPA acid from aqueous media using uncatalysed and catalytic ozonation with Fe doped with Ni and Co respectively. Methods Mixed metal oxides of Ni and Co loaded on Fe respectively, prepared by co-precipitation and physical mixing were used as catalyst for ozone facilitated oxidation degradation of 2,4-DCPA acid. Their surface properties were determined by employing SEM, BET and NH 3 -TPD. HPLC, IC and TOC data were used for quantifying substrate and oxidation products. Results Conversion of 2,4-DCPA acid increased from 38% in acidic water to 73% in basic water, however, only 26% of the total carbon was removed and 9.5% in the form of Org-BPs. With 7:3 Fe:Ni (Co-ppt) catalyst (surface area 253 m 2 g −1
Background
In recent years, illegal dumping of hazardous organic waste materials from industrial and commercial facilities has become a major cause of water pollution around the world [1] . Various types of contaminants are found in water and the chlorinated hydrocarbons are considered the most toxic species for environmental and human health. Most of them cannot be easily biodegradable, and are therefore, difficult to remove from water [2] . One such compound, 2,4-DCPA acid a low-cost herbicide has been used extensively in agriculture as a weed killer. It is reasonably toxic and its maximum permissible limit in drinking water is 20 ppm [3] . It has been frequently detected in large amounts in wastewater and soil [4] , and a major problem is it's difficultly to decompose in water. A number of studies have investigated ways to remove 2,4-DCPA acid from water [5] [6] [7] . However, in most of these studies expensive and/or toxic reagents had to be used to achieve good degradation of this organic pollutant [8] . Furthermore, most of these studies did not monitor or consider the fate of Org-BPs formed in the water, which sometimes can be more toxic than the organic pollutant itself. Compared to uncatalyzed ozonation, catalysed ozonation is known to enhance degradation efficiency of many organic pollutants in water [9] . Generally, the catalysts used in water treatment by ozonation mainly include expensive and sometimes toxic transition metals [10] . Simple iron oxide based catalysts is seldom used in the areas of water treatment and catalytic ozonation systems in spite of its advantages of low cost, low toxicity and high catalytic activity [11] . This study therefore, demonstrates how iron doped with nickel and cobalt respectively, can be used as catalyst to enhance removal of hazardous pollutant, 2,4-DCPA acid from water by ozonation. The following factors, namely (i) influence of solution pH on 2,4-DCPA acid degradation during ozonation, (ii) effect of Ni loading on the surface properties and catalytic activity of the Fe-Ni catalyst, prepared by co-precipitation and physical mixing methods, (iii) organic by-product formation and TOC removal during ozonation alone and catalytic ozonation.
Methods

Sample preparation
A 100 ppm stock solution of 2,4-Dichlorophenoxyacetic acid (97% AR grade -Sigma Aldrich) was prepared by dissolving 0.1 g of the solid in milli-Q water and making up to 1 l in a volumetric flask.
Catalyst preparation
All chemical used for the preparation of the metal oxides were of analytical grade purchased from Merck SA. Fe alone was used as a reference, and Fe doped with Ni and Co respectively were used for the preparation of mixed metal oxides. The following two methods were used to prepare the catalysts:
Co-precipitation method (referred to as co-ppt catalyst)
To prepare each catalyst material, Fe (NO 3 ) 3 • 9H 2 O and Ni (NO 3 ) 2 • 6H 2 O was accurately weighed out separately, according to amounts shown in Table 1 and dissolved in 200 cm 3 of deionized water. The resulting solutions were then transferred into separate 500 cm 3 separating funnels. Each salt solution was then added dropwise from each separating funnel to 250 cm 3 of a 1 mol dm −3 Na 2 CO 3 solution contained in a 2 dm 3 beaker with vigorous stirring over a period of 4-5 h. Required amounts of 0.1 mol dm −3 NaOH solution was introduced intermittently to maintain the pH of the metal salt mixture between 9 and 11. After addition of all the salt solution to the beaker, it was left to stand for 1 h. The resulting precipitate was filtered and washed several times with deionized water until a clear filtrate was obtained. It was then dried at 100°C for 1 h and calcined in air in a muffle furnace set at 500°C for 5 h.
Physical mixing method (referred to as mixed catalyst)
Weighed out each salt according to Table 1 in a porcelain crucible and mixed thoroughly to obtain a homogeneous mix. The crucible was then placed in a muffle furnace set at 500°C for 5 h.
Catalyst characterization
Each catalyst was ground to fine powder and characterized using the following techniques: (i) Scanning electron microscope (SEM) measurements, giving information about morphology and location of metallic species on catalyst surface, was carried out using a JOEL JSM-6100 microscope equipped with an energy-dispersive X-Ray spectrometer fitted with a Tungsten filament lamp. The images were taken with an emission current of 100 μA and an accelerator voltage of 12 kV, (ii) N 2 adsorption-desorption isotherms of each catalyst was carried out at 77 K on a Micromeritics Gemini 2360 automated single/multiple point BET surface area analyser. The surface area, pore size distribution, pore volume and average pore diameter were determined by the BJH method, and (iii) Temperature programmed desorption (TPD) studies with N H 3 wa s c on du ct e d u s i n g t h e A u t oC h em 2 91 0 (Micromeritics, USA) instrument fitted with a thermal conductivity detector. A 50 mg catalyst sample was initially treated by passing helium over it at a flow rate of 50 mL/min and 200°C for 2 h. It was then saturated with 10% ammonia, further flushed with helium and thereafter placed in a Ushaped quartz sample tube. TPD analysis was conducted from ambient temperature to 600°C at a heating rate of 10°C/min.
Ozonation procedure
Ozone gas was prepared by passing medical grade oxygen (99.9% Purity) through the electric discharge unit of an Ozonox LAB 7000 ozonator instrument. An ozone concentration of 100 ppm was used for all experiments, which was achieved with a generator current of 0.42 A and a constant oxygen flow rate of 200 mL/min. The concentration of ozone was measured by using the iodometric method, which involved bubbling the ozone gas into a KI solution and then titrating the liberated iodine with standard thiosulphate solution using starch as indicator [12] . The ozone reaction was carried out in a cylindrical glass reactor equipped with a sintered porous ceramic gas diffuser (porosity 2) located at the bottom of the reactor to produce fine bubbles and a small magnetic stirrer to The experimental set-up for this work is shown in Fig. 1 .
Instrumental analysis
A HPLC method was developed and validated to monitor the percentage conversion of 2,4-DCPA acid as a function of ozonation time using a Shimadzu 20A high performance liquid chromatograph fitted with a variable wavelength UV detector and a Waters Novapak silica 4 μm column (3.9 mm i.d. and 150 mm length) maintained at 30°C. The system was run on isocratic mode using a filtered and degassed mobile phase solution of 60/40 (v/v) methanol-water set at a flow rate of 1 mL/min. Linearity of the HPLC instrument was checked by injecting various standard solutions 2,4-DCPA acid prepared by serial dilution from the 100 ppm 2,4-DCPA acid stock solution.
The TOC was determined by sparging 10 mL of the sample under slightly acidic conditions (pH 2) to remove inorganic carbon. The organic carbon in the sample was then digested in a DRB 20 COD reactor with persulphate powder and acid to form carbon dioxide. The carbon dioxide was then allowed to diffuse into a pH indicator reagent contained in an ampule to form carbonic acid. The coloured solution was then measured using a DR 1900 portable Spectrophotometer at a wavelength setting of 430 nm. The amount of colour change is related to the parts per million of organic carbon present in the sample. Calibration of the spectrophotometer was carried out by using a 1000 mg L −1 potassium acid phthalate standard solution.
The concentration of chlorides and low molecular weight organic acids (acetic and formic acids) in each ozonated sample was measured using the Metrohm 761 Compact ion Chromatograph (IC) fitted with a conductivity detector and a Metrohm ASupp 5250/4.0 column. The carbonate eluent used were a mixture of 3.2 Mm Na 2 CO 3 and 1.0 Mm NaHCO 3 . A 50 mM H 2 SO 4 solution served as the suppressor reagent. Chloride and low molecular weight organic AR grade standards, purchased from Merck SA, was used to check linearity and calibrate the IC instrument. Conductivity of each solution before and after ozonation was measured by a conductivity meter. The pH of the substrate solution before and after ozonation was measured at room temperature using a Metrohm combined pH glass electrode Pt 1000. Calibration of the conductivity and pH electrode was conducted prior to sample measurements.
Results and discussion
Influence of solution pH
To evaluate the effect of pH on the conversion of 2,4-DCPA acid by ozonation, experiments were carried in acidic, neutral and basic water. The conversion profiles and TOC removal efficiency for these experiments are shown in Fig. 2 . A comparison of conversion profiles shows that the conversion of 2,4-DCPA acid increases as the pH of the substrate solution increases, suggesting that the pH of the solution during ozonation has a significant effect on the conversion of 2,4-DCPA acid. Similar results were obtained when 2-chlorophenol, 4-chlorophenol and 2,4-dichlorophenol were ozonated at pH 6 and 9 [13] .
When comparing the three different conditions it is evident that the conversion of 2,4-DCPA acid in acidic water is relatively low for all time intervals and marginally higher in neutral water. In acidic water the decay of ozone, caused by the action of HO − ions [14] is very low, hence, poor production of hydroxyl radicals. The highest conversion of 2,4-DCPA acid is observed in basic water, suggesting that at high pH, the rate of ozone decomposition increases. The improved conversion produced [15] :
Our previous study has also shown that decomposition of ozone is significantly enhanced as solution pH increases [16] . In acidic solutions, the ozone molecule itself reacts very slowly with organic compounds, thus leading to poor conversion of the target material, however, at pH levels above 8 it rapidly forms free hydroxyl radicals, which reacts very fast with organic material in water. Organic substances that oxidize marginally in acidic or neutral water will oxidize rapidly at high pH levels. It was found that solution pH from 8 to 10 gave the best results for oxidation of organic molecules in water [17] . Studies conducted on the photo-catalytic oxidation of phenol in water also showed that acidic conditions do not favour substrate degradation, and degradation rate only increases with increasing pH [18] .
For all water types, it was found that the amount of TOC removed was always lower than the amount of substrate converted, suggesting that complete mineralization was difficult to achieve with ozonation alone. Fig. 2b clearly shows that TOC removal in basic water is more favoured than in acidic or neutral water, suggesting that mineralization of 2,4-DCPA acid and oxygenated by-products in basic water is more effective. Ozone, when in the presence of large quantities of hydroxide ions, readily decomposes into highly reactive radical species, the main one being the HO
• radical, which rapidly reacts with organic intermediates to form CO 2 and
Ozonation of halogenated organic compounds has the potential to produce hazardous Org-BP's, and many of these compound are refractory towards ozone. Therefore, it is necessary to monitor the formation of these Org-BP's during ozonation of waters containing hazardous organic pollutants. The total Org-BP content of the ozonated samples were measures indirectly by carbon mass balance calculations. Two carboxylic acids, namely acetic and formic acids were detected and monitored by IC analysis. Fig. 3 shows the percentage yields of Org-BP's and combined yields of the two organic acids formed.
The results indicate that Org-BP formation is the highest in acidic water and then decreases gradually as the pH of the water increases. During the same time interval it is observed that the organic acids show an opposite trend, that is, in basic water organic acid formation is high, then decreasing gradually, with acidic water generating the lowest amount of organic acids. A comparison of the chloride ion content in Fig. 4 shows that the pattern of chloride ion formation is the same for all water types, increasing in yield from 5 min to 20 min of ozone treatment.
Percentage yield of chloride ion increases with an increase in solution pH, with basic water producing the highest amount of chloride ion, suggesting that dechlorination of 2,4-DCPA acid in water at high pH during ozonation is most effective. The trend observed in the solution conductivity was also consistent with the pattern of chloride ion formation, increasing gradually from 28 μS cm −1 for acidic water, but displaying the highest conductivity of 179 μS cm −1 for basic water, hence confirming that dechlorination is a major reaction step in the ozonation of 2,4-DCPA acid in water.
Catalytic ozonation of 2,4-DCPA acid in water 
Influence of Ni loading on catalytic activity
The catalytic ozonation of 100 ppm aqueous solution of 2,4-DCPA acid in the presence of Fe alone and Fe combined with different quantities of Ni prepared by co-precipitation method (Co-ppt) was investigated as a function of ozone treatment time. Data for percent conversion of 2,4-DCPA acid and TOC removal in the presence of each catalyst material measured as a function of ozonation time is illustrated in Fig. 5 . It is evident from Fig. 5a that the percent conversion of 2,4-DCPA acid increases for all Ni loadings on Fe as ozone treatment time increases, indicating that catalytic ozonation with Fe alone or Fe combined with Ni (Co-ppt) favours the degradation of the toxic pollutant in water. The conversion of the toxic substrate in the presence of Fe alone (Co-ppt) was rapid during the first 5 min of ozone treatment, reaching 32%, and thereafter, increasing steadily to 53% after 20 min of ozonation. In the presence of 9:1 Fe:Ni (Co-ppt) the conversion of 2,4-DCPA acid in water increases more rapidly with ozone treatment time, reaching 42% after 5 min of ozonation and then increasing to 65% after 20 min of ozone treatment. In presence of 8:2 Fe:Ni (Co-ppt), a further improvement in the conversion of 2,4-DCPA acid is observed as a function of ozone aeration time. It quickly reached 50% in 5 min and increased to 77% only after 20 min of ozonation. Catalytic mixture 7:3 Fe:Ni (Co-ppt) converted 2,4-DCPA acid the most, increasing rapidly with ozone treatment time from 60% after 5 min of ozonation to 97% after 20 min of ozonation. It therefore, can be concluded that when the Ni loading on the Fe based catalyst is increased, the conversion of 2,4-DCPA acid increases significantly [20] .
TOC results show that there is a gradual increase in organic carbon removal from the substrate solution as ozone treatment time increases. In the presence of Fe the TOC removal only increased by 6% compared to ozonation alone, while in the presence of 9:1 Fe:Ni (Co-ppt), an improvement in TOC removal by 24% was detected. Increasing the Ni loading on Fe by co-precipitation resulted in a further increase by 39% compared to ozonation alone. However, a limiting factor in all these cases is that the amount of TOC removed from the water is much lower than the amount of carbon converted during ozonation. When 7:3 Fe:Ni (Co-ppt) was used in the ozonation process, a significant improvement in TOC removal of 73% was observed, and more importantly the percentage carbon removed compared favourably with the percentage of substrate converted. The results reveal that degree of mineralization increases as Ni loading on Fe is increased. The superior textural surface properties listed in Table 1 may have contributed to the improved conversion of 2,4-DCPA acid and TOC removal from water. The data indicates that the surface characteristics of the Fe:Ni (Co-ppt) catalyst material improves as Ni loadings on Fe is increased. When 10% Ni is loaded on Fe by co-precipitation, a significant increase in surface area occurs, and when the Ni content on Fe was further increased, its surface area and pore volume further increases, while its average pore size decreases. This could be attributed to the even distribution of Ni on Fe during co-precipitation, which is consistent with results obtained by SEM shown in Fig. 6 . These improvements to the catalyst surface properties significantly contributes to the higher catalytic activity of Fe:Ni (Co-ppt) for conversion of 2,4-DCPA acid and TOC removal during ozonation.
Organic by-product formation during catalytic ozonation
The effect of Ni loading on Fe on Org-BP formation during catalytic ozonation of 2,4-DCPA acid in water was investigated and the results are illustrated in Fig. 7 .
In uncatalysed ozone aeration, Org-BP formation is significantly high, and addition of Fe to the ozonation process caused a further increase in Org-BP's formation. When 10% is loaded on Fe, Org-BP's decreased by 10% compared to uncatalysed ozonation, while a maximum decrease of 17% was noted in the presence of 7:3 Fe:Ni (Co-ppt). Fig. 8a compares the N 2 adsorption-desorption isotherms of 10% and 30% Ni respectively loaded on Fe prepared by the co-precipitation (Co-ppt) method.
It is evident that Fe:Ni (Co-ppt) catalyst material show a type IV isotherm with a H3 hysteresis loop, indicating a mesoporous structure and as the Ni content on Fe increases the size of the hysteresis loop increases [21] . 7:3 Fe:Ni (Co-ppt) catalyst shows a broader hysteresis loop ranging from 0.75 to 1.00 of the relative pressure, while the hysteresis loop of 9:1 Fe:Ni (Co-ppt) is much narrower, starting at 0.90 and ending at 1.00, suggesting a less porous structure and thus a smaller surface area and pore volume [22] . The enhanced surface characteristics of the 7:3 Fe:Ni (Co-ppt) catalyst material is a further indication of its improved activity, which could be the reason for its effective minimization of Org-BP's in water during ozonation.
Ni loaded on Fe by physical mixing
A simpler catalyst preparation method was investigated, were Ni was loaded on Fe by physically mixing the two salts, followed by calcination at 500°C for 5 h. Data shown in Fig. 9 compares the percentage conversion and TOC removal from a solution containing 100 ppm 2,4-DCPA acid for ozonation alone; and ozonation in the presence of 7:3 Fe:Ni (Coppt) and 7:3 Fe:Ni (Mixed) respectively. It is evident from Fig. 9 that conversion of 2,4-DCPA acid in ozonation alone is the lowest, reaching only 45% after 20 min of ozone treatment, while TOC removal for the same time interval was 11%. In the presence of 7:3 Fe:Ni (Mixed) catalyst, 2,4-DCPA acid conversion was found to be higher, increasing to 68% after 20 min, while TOC removal was only 23%. The results indicate that in both cases the amount of TOC removed is much lower than percentage of carbon converted, suggesting that complete mineralization could not be achieved in both uncatalyzed ozonation and ozonation in the presence of 7:3 Fe:Ni (Mixed) catalyst. In the case of 7:3 Fe:Ni (Co-ppt) catalyst, a conversion of 97% was achieved after 20 min, while 92% of TOC was removed after 20 min of ozone treatment, indicating nearly complete mineralization of 2,4-DCPA acid and organic by-products. When 30% Co was loaded on Fe by co-precipitation, a decrease in catalytic activity was observed, however, an improvement in mineralization was noted. After 20 min of ozone treatment, 87% of the pollutant was degraded, while 83% of TOC was successfully removed. The solution pH during catalytic ozonation of organic pollutants in water is an important parameter to consider. In our investigation, substrate solution pH changed (i) when Fe:Ni catalyst material was added and (ii) during ozone treatment as illustrated in Table 2 .
A recent study on ozone decomposition by alumina in water in the absence of pollutants attributed the increase in solution pH and improved ozone decomposition to contaminants present on the alumina surface [23] . In another study, involving catalytic ozonation of ibuprofen and VOC's, a small increase in solution pH was observed, followed by a slight decrease. It attributed the slight increase in pH to desorption of contaminants and the decrease in pH to formation of acidic products, however, they suggested further research to verify this hypothesis [24] . In our study, the initial solution pH increased sharply from 3.43 to 9.70 after addition of 9:1 Fe:Ni (Co-ppt) catalyst material. Similar results were obtained when 9:1 Fe:Ni (Co-ppt) was mixed with water in the absence of organic pollutant, suggesting that the catalyst is the only material responsible for increase in initial solution pH. When the Fe-Ni surface is in contact with water it generally becomes hydrated, forming a monolayer of surface hydroxyl groups. The hydroxylated Fe:Ni (Co-ppt) surface then acts as a strong Bronsted base, spontaneously attracting the hydrogen ion from water to form positively charged FeÀCoÀOH þ 2 sites and excess hydroxide ions, causing an increase in solution pH. The mechanism is illustrated in Scheme 1.
These hydroxide ions and positively charged sites on the catalyst surface is advantageous during ozonation, since ozone, due to its strong polar nature will show a higher affinity for adsorption by its negative end onto the positive catalyst surface and the presence of excess hydroxide ions can lead to enhanced breakdown of ozone and generation of HO
• radicals [25] . The released HO • radicals will then rapidly dechlorinate the 2,4-DCPA acid molecule to form the hydroxylated intermediate by-product and large quantities of chloride ions, hence causing a sharp increase in solution conductivity. Therefore, conversion of 2,4-DCPA acid in Fe:Ni (Co-ppt) catalytic ozonation primarily occurs via HO • radicals formed during ozone-catalyst surface interactions. On the other hand, the hydroxylated Fe:Ni (Mixed) surface acts as a strong Bronsted base, spontaneously donating its attached hydrogen to water to form a negatively charged Fe -Co -O − site and excess hydronium ions, causing a decrease in solution pH. This mechanism is illustrated in Scheme 2.
The lower conversion and TOC removal in Fe:Ni (Mixed) catalyst may suggest that the ozone molecule has a poor affinity towards the negative catalytic sites and furthermore, ozone decomposition in acid medium is diminished, hence poor hydroxyl radical formation. To confirm the presence of Bronsted acidic sites on the Fe-Ni catalyst surface, NH 3 -TPD experiments were conducted for each catalyst material illustrated in Fig. 10 .
The NH 3 -TPD profiles show that an increase in Ni loading on Fe from 10% to 30% resulted in an increase in ammonia desorption for Fe:Ni (Co-ppt) catalyst material only. The total acidity for 7:3 Fe:Ni (Co-ppt) was 1541 cm 3 show a broad peak at 140°C, suggesting a single type of acidic site. The low temperature peak is an indication of slightly weaker bond strength and hence slightly weaker acidic sites [8] . These acidic sites result in improved catalytic activity, leading to more effective deprotonation reactions, producing hydroxyl radicals. An excess of these hydroxyl radicals then results in increased 2,4-DCPA acid conversion and maximum TOC removal from water. Fe:Ni (Mixed) catalyst material shows no distinct peak, suggesting a negligible amount of acidic sites on the catalyst surface, which explains its poor catalytic action during ozonation of 2,4-DCPA acid in water.
Ozonation processes applied in water treatment for disinfection frequently leads to the generation of hazardous byproducts. One study has reported that Org-BP production increases with increasing ozone dosage and/or contact time [26] , whereas another has shown that a further increase in contact time can reduce the Org-BP formation [27] . Therefore, it is essential to monitor and find ways to minimize the generation of organic by-products during ozonation of 2,4-DCPA acid in water. Fig. 11 compares the yield (based on mass balance of carbon in mol %) of the Org-BP's and percent chloride ion released after 20 min for (i) ozonation alone, (ii) ozonation in the presence of 7:3 Fe:Ni (Co-ppt) and (iii) ozonation in the presence of 7:3 Fe:Ni (Mixed).
In ozonation alone, 19% of Org-BP was formed after 20 min of ozone treatment, however, when ozonation was conducted in the presence of 7:3 Fe:Ni (Co-ppt) catalyst material, a significant drop in Org-BP formation to 2% was detected. With 7:3 Fe:Ni (Mixed) catalytic ozonation, Org-BP formation increased to 66% after 20 min of ozone treatment. The results reveal that 7:3 Fe:Ni (Co-ppt) has superior catalytic activity than 7:3 Fe:Ni (Mixed) catalyst material to minimize Org-BP formation during ozonation of 2,4-DCPA acid in water. Fig. 11 also compares the dechlorination efficiency by catalytic ozonation with ozonation alone. It is evident that dechlorination by catalytic ozonation is more effective than ozonation alone. In ozonation alone only 28% chloride was released, however, in the presence of 7:3 Fe:Ni (Mixed) catalyst a slight improvement in chloride yield was detected. Catalytic ozonation with 7:3 Fe:Ni (Co-ppt) resulted in the highest de-chlorination efficiency, reaching 47% after 20 min of ozone treatment. The N 2 adsorption-desorption isotherms illustrated in Fig. 8 for both Fe:Co (Co-ppt) and Fe:Co (Mixed) catalyst material showed similar types of isotherms, however, the quantity of nitrogen adsorbed was significantly different. Nitrogen adsorption on both catalyst material showed an increasing trend with Ni loadings on Fe, but the Fe:Ni (Co-ppt) catalyst showed higher nitrogen adsorption than the Fe:Ni (Mixed) catalyst material for all Ni loadings. This pattern of surface behaviour suggests that Fe:Ni (Co-ppt) has better catalytic activity than Fe:Ni (Mixed). The superior surface characteristics of the Fe:Ni (Co-ppt) catalyst material and improved activity could be the main reason for minimizing Org-BP's formation during catalytic ozonation of 2,4-DCPA acid in water. When 30% of Co was loaded on Fe by co-precipitation, an increase in Org-BP yield was observed. A drop in chloride ion yield occurred after 20 min of ozone treatment, indicating that Fe:Ni (Co-ppt) catalyst has superior characteristics than Fe:Co (mixed) catalyst material for 2,4-DCPA acid degradation, TOC removal and Org-BP minimization in water during ozone treatment. Figure 12 illustrates the kinetic profiles of 2,4-DCPA conversion under uncatalysed and catalytic ozonation with Ni loaded on Fe, which followed pseudo first-order kinetics with respect organic substrate. The rate constants and R 2 values obtained from the log (C/C 0 ) versus time plots using the data in Fig. 12a , b are appended to Table 2 . In uncatalysed ozonation, the rate of conversion increased with increase in hydroxide ion concentration in the solution (k = 0.0882 min −1 ). This behaviour could be due to the enhanced decomposition of ozone to hydroxyl radicals at high pH. In catalytic ozonation, the rate of 2,4-DCPA conversion increased with increase in Ni loading on Fe. With 7:3 Fe:Ni (Co-ppt) highest rate constant value recorded was 0.1687 min
Kinetics of 2,4-DCPA acid degradation
. This could be due to the increase in the number of surface active sites on catalyst for 2,4-DCPA, ozone and radical reactions.
Conclusion
The conversion of 2,4-DCPA acid in water increases as the hydroxide ion concentration of the substrate solution increases. Percent conversion of organic pollutant in acidic water is relatively low for all time intervals and marginally higher in neutral water. The highest conversion of 2,4-DCPA acid was achieved in basic water. When solution pH increases, the production of HO
• radicals is favoured.
In a high pH solution, there are more hydroxide ions p r e s e n t , w h i c h i n i t i a t e o z o n e d e c a y , t o produce HO • radicals, hence enhancing 2,4-DCPA acid dechlorination. Limited mineralization of 2,4-DCPA acid and oxygenated products was achieved in acid and neutral water, however, the amount of TOC removed from basic water compared favourably with the amount of carbon converted, indicating an improvement in mineralization. Org-BP minimization was better in basic water than in acidic water and more organic acids were formed, which was found to be refractory towards ozone. In catalytic ozonation, it was observed that as the Ni content of the Fe based catalyst was increased, its catalytic activity was significantly enhanced, hence improving dechlorination efficiency, TOC removal and Org-BP minimization. The addition of Ni to Fe improved the catalyst surface properties and increased the number of Bronsted acid sites by increasing solution pH, hence contributing to the higher catalytic activity of Fe:Ni (Co-ppt) catalyst material. Ni loaded on Fe by physical mixing resulted in a decrease in catalytic activity, hence a decrease in pollutant conversion, TOC removal and increase in Org-BP formation, compared to Fe:Ni (Co-ppt) catalyst, however, results obtained were better than those obtained for ozonation alone. The poor surface properties of the Fe:Ni (Mixed) catalyst and the fewer number of acidic sites is the main reasons for decrease in catalytic activity. When Ni was replaced with Co as dopant, a slight decrease in 2,4-DCPA acid and TOC removal occured, while Org-BP formation increased sharply. A Ni loading of 30% on Fe prepared by coprecipitation method gave the best results. 
